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ABSTRACT
Two methods war* used to study flow characteristics of polyaers in 
aelts and in concentrated solutions. A single screw extruder and a 
capillary die were used to study polymer aelt behavior. Degradation of 
concentrated polyaer solutions was studied using a concentric cylinder 
(couette) viscometer. An attempt was made unsuccessfully to derive flow 
curves for concentrated polyaer solutions using flow birefringence.
Chapter 1 covers viscous flow through a capillary rheoaeter. Flow 
curves giving aelt viscosity as a function of shear rate and temperature 
are presented. Linear low density polyethylene resins of several 
different aelt indices were run. Polypropylene and high density 
polyethylene resins were also tested.
Chapter 2 covers aechanocheaical reactions. Concentrated 
poly(ethylene oxide) solutions were degraded by shearing in a couette 
viscometer at relatively low stirring speeds. Molecular weight 
degradation was ''assured. A study on the rate of degradation for 
various stirring speeds was made. The study showed a tenfold reduction 
in the degradation rate constant by decreasing stirring speed froa 
30,000 rpa to 500 rpa. An additional tenfold reduction was found by 
decreasing stirring speed froa 500 rpa to 120 rpa.
Chapter 2 also gives a brief discussion of flow birefringence 
techniques. These techniques were to be used to derive flow curves for 
concentrated polyaer solutions, but data were not successfully obtained. 
Several experimental techniques were tried. A discussion of these 
techniques and their difficulties is given.
CHAPTER 1
VISCOUS PLOW THROUGH A CAPILLARY RHEOMETER
SUMMARY
Viscosity versus shear rate and temperature curves were derived for 
polymer melts in these experiments. Such curves were used to interpret 
the flow behavior of polymer melts for given conditions. The polymers 
tested were linear low density polyethylene of melt index 0.8, 2.0, S.0, 
12.0, 20.0, and 50.0, high density polyethylene, and polypropylene.
To derive flow curves, samples were run through a single screw 
extruder and capillary die. Shear rates and temperatures were varied. 
The range of shear rates and temperatures used was as large a 
experimentally possible. This maximised the sise of the flow curve and 
increased the probability of locating flow transition regions, as well 
as giving a better view of polymer melt flow behavior.
The curves derived, however, did not show any transition regions 
except in a few cases. The results showed that for the experimental 
range of temperature and shear rateu allowed, the polymer melts acted as
non-Newtonian (power law) fluids. High density polyethylene was found 
to degrade at high shear rates and high temperatures.
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INTRODUCTION
Much can he learned about tha flow behavior of polyaar aalts with a 
knowledge of viscosity dapandanca on shaar rata and taaparatura. 
Vlacoalty flow curvas can predict how a polyaar aalt will behave under 
given conditions and whan to expect transitions in flow behavior. Plow 
curvas such as thaaa ware aada for linear lo^ density polyethylene, high 
density polyethylene, and polypropylene saaples.
Tha flow curvas ware derived to show aelt viscosity behavior for a 
given range of shaar rates and teaperaturas. Tha shape and slope of the 
curvas deterained whether the aelt behaved like a Newtonian (viscosity 
independent of shaar rata) or non-Newtonian (viscosity dependent on 
shaar rata) fluid. High aolecular weight polyaar aalts are known to 
exhibit Newtonian bahavior at vary low shear rates, a transition to 
non-Newtonian behaviov as shaar rata increases, and a transition back to 
Newtonian bahavior at vary high shaar rates.
In tha experinents to be described, linear low density polyethylene 
resins of various aalt indices, high density polyethylene resins, and 
polypropylene resins were tested. A single-screw extruder and a 
capillary die were used. The range of shear rates was expanded as far 
as expertsentally possible and a temperature range of 20 to 30 degrees C 
was used. Flow curves were then derived from these data to deteraine if 
the aelt acted as a Newtonian ar non-Newtonian fluid, or if a Newtonian 
to non-Newtonian or non-Newtonian to Newtonian transition occurred.
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t h b o n y
Viscosity li defined as the energy dissipated by i fluid in notion 
as it resists an applied cheering force (1). The viscosity is siaply 
the ratio of sliear stress over shear rate. In laainar, undirectional 
flow, the terns shear stress ftT) and shear rate ( ^ ) are used to 
indicate the applied force and the fluid's response. The shear stress 
is defined as the applied force per unit area of solution. When forces 
are applied to a notarial, the molecules change position in response to 
the force. The rate of this displaceaent is defined as the rate of 
strain. In a Shearing system, this displaceaent is called the shear 
rate.
Newton's law, which states that viscosity is constant with changing 
shear stress and shear rate, applies for lower aolecuiar weight liquids. 
Polyear salts and concentrated solutions, however, do not follow
Mewtoa's law, and are therefore labelled non-Newtonian fluids. In
discussing the viscous character of non-Newtonian fluids, ws oan no
longer siaply speak of a viscosity independent of flow conditions. An
apparent viscosity is now defined such that
t  - t u a j * *  <»
where (r)<x) is a function of shear rate (2). Figure 1.1 shows stress 
versus rate of shear curves for Newtonian and non-Newtonian tluidsO). 
This diagraa esibite three types of non-Newtonian behavior) dilatent 
(shear thickening), pseudoplastic (shear thinning), and Binghaa plastic. 
A dilatant polyaer is one in Which apparent viscosity increases with
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FIGURE 1,1
STRESS VS. RATE OF SHEAR ON ARITHMETIC COORDINATES FOR 
NEWTONIAN AND NON-NEWTONIAN FLUIDS
i
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increasing strain. Tha polymer la thickened by shear. Pseudoplastic 
polymers show decreasing apparent viscosity with increasing strain. 
Bingham plastics require a fixed stress before they move at all, such as 
toothpaste. Pseudoplastics will be dealt with here.
Figure 1.2 gives an example of how viscosity behavior can vary over 
a sufficient range of sheer rate (4). At very low shear stress, the 
relation is nearly linear with a very high viscosity. The polymer 
solution acts like a viscous, uniform clump. At higher shear stress, 
stresses normally encountered in processing, the relation is non-linear. 
The polymer solution has pseudoplastic properties here. At very high 
shear stresses, the relation becomes linaar again, approuching Newtonian 
behavior. This phenomenon can be explained with chain entanglement 
theories(5).
Zn concentrated solutions and melts of high molecular weight 
polymers, the long chain polymer molecules a m  severely entangled. When 
a shearing force is applied to such a system, chains must deform past 
each other in order for the polymer to deform. The velocity of the 
polymer fluid under shear is dependent on the ability of the force to 
overcome chain entanglements. At very low stresees, the force ie not 
able to disentangle the chain, and the polymer moves like one large 
clump. When the stress is large enough to disentangle the chain, the 
polymer acts like a viscoelastic, non-Newtonian fluid. At very large 
stressee, the resisting force of the chain entanglements is negligible 
compared to the shearing force and the polymer acts like a Newtonian 
fluid. The stresees may even be large enough to break molecular bonds 
which degrades the polymer and lowers the average molecular weight The
-9-
FIGURE 1.2
STRESS VS. RATE OP SHEAR ON LOGARITHMIC COORDINATES 
FOR NEWTONIAN AND NON-NEWTONIAN FLUIDS
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relationship of this chain entanglement theory to flow curves such as 
the one on Figure 1.2 can be explained by the following two 
characteristics of the eolecular structure of polymeric materials. The 
first characteristic is the asymmetric shape (great length as compared 
to the radial dimensions) of the polymer molecules (6). When a velocity 
gradient is applied to a polymeric fluid in a circular tube, a parabolic 
laminar profile develops. Long chain polymer molecules, which in 
concentrated solutions are severely entangled, are randomly dispersed 
throughout the radious of the tube. Thus, the higher velocities near 
the center of the tube will move an end of a long molecule faster down 
the tube than an end near the tube wall, where fluid velocity is lower. 
The end result of this is that the molecules become more perfectly 
aligned as the velocity gradient (or shear rate) of the fluid increases. 
The second characteristic of polymeric fluids is that the sise of the 
flowing elements (networks) decreases with increasing shear stress and 
shear rate. This network is defined as a clump of entangled polymer 
chains flowing together. Thus, a fluid would originally act as a 
Newtonian clump, then go through a transition to pseudoplastic as the 
polymer networks decrease in sise, and then go back to Newtonian 
behavior when they can not be decreased further. Hense, the same type 
of Newtonian-pseudoplastic-Newtonian behavior is observed as one moves 
from low to high shearing rates.
Temperature and solution concentration are also factors on which 
polymer viscosity behavior depends. At higher temperatures, polymer 
molecules have more internal energy and are more able to overcome 
entanglement resistances. Therefore, the polymer relts and solutions
-11-
act aorc lit* Newtonian fluids at higher temperatures. At higher 
concentrations, the degree of chain entanglement becomes larger and the 
solutions become more non-Newtonian. Thus, polymer melts show greater 
non-Newtonian behavior than polymer solutions. Sample flow curves for 
polystyrene are shown on Figure 1.3. The curves show the relationship 
between shear stress and shear rate for various temperatures. As 
expected, the curves show more Newtonian behavior as temperature is 
increased. Also, at higher temperatures, a given shear stress creates a 
higher shear rate at higher temperatures.
Many mathematical expressions have been derived to express the 
behavior of peeudoplastic materials. One of the simplest, and most 
useful, approaches is to approximate sections of logCt') - log(# ) pjNPts 
by straight lines - the power law method. The slope of the log - log 
line is defined as the power law parameter, n, such that the equations
L.
( 2)
is used, where K is a constant(7). it can be seen that as n approaches 
1, the fluid approaches Newtonian behavior with K becoming the fluid 
viscosity. One odvious limitation to the power law method is that shear 
stress versus shear rate flow curves are not linear over the entire 
reange of shear rates. Extrapolation of data taken over the modest 
range of shear rates from the non-Newtonian into a Newtonian region may 
result in appreciable errors(8). Care must therefore be taken to obtain 
rheological data at shear rates corresponding to those used in a given 
process application.
There are three main types of viscometers used in measuresient of
FLOW CURVES FOR A COMMERCIAL SAMPLE OF POLYSTYRENE 
AT VARIOUS TEMPERATURES OBTAINED IN A RAM-EXTOUSICN 
TYPE OF CAPILLARY VISCOMETER
FIGURE 1.3
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viscosityt the coaxial, cup-and-bob (couette) viscometer, tha cona and 
Plata viscometer, and tha capillary viscoaatar. In thaaa experiments, a 
capillary viacoaatar with an alactrically heated, aingla-acraw axtrudar 
was usad to study rheological propartiaa of polynar salts. Polyaar salt 
flows through a capillary dis attached to tha axtrudar. Tha 
single-screw axtrudar applies a fcica on tha polyaar salt which drives 
it through tha capillary die. Tha shear stress at tha capillary wall on 
tha polyaar salt *tr»j can be calculated knowing tha pressure drop through 
tha die, AP, tha radius of tha capillary, R, and tha length of tha 
capillary, L. Shear stress can than be expresses as (9,10)s
w ■ RAP/2L (3 )
In these experiments, shear stress was calculated in units of Fewtons 
par sgara aater. Tha apparent rata of shear at tha wall in inverse 
segonds is simply tha velocity gradient of tha salt and can be 
calculated fron tha expresion(9,10)i
y'wa ■ 4Q/»f R3f  (4)
Once again, R is tha radious of tha capillary die. Q is tha uoluaetric 
flow rata of tha polyaar malt. In order to find tha fluid viscosity, 
tha apparent shear rate aust be corrected to actual shear rata at tha 
wall using tha relationship (9,10):
where n is tha power law parameter. Tha power law parameter is 
approximated from log shear stress versus log apparent shear rata curves
-14-
with the relations
d( logtw) 
n “ dTTog V  wa)
The fluid viscosity*^ , it siaply expressed asi
B t w/S'w
(6)
(7)
Froa this expression* viscosity is calculated in units of Newton*seconds 
per square aeters. Curves such as those shown on Figure 1.3 can be 
generated experimentally using equations 4 and 5. Froa these curves* 
fluid viscosity can be calculated and plotted as a function of corrected 
shear rate and teaperature. Newtonian and peeudoplastic behavior* as 
well as teaperature dependence* can be examined froa these curves.
APPARATUS AMD EXPERIMENTAL PROCEDURE
A single screw extruder and a capillary dia war* uaai in these 
experiments to generate rheological data. Extrusion mey be defined as 
the act of shaping a aaterial by forcing it through • die. 
Thermoplastics are extruded predoainantly through single screw 
extruders(11). A schematic of the single-screw extruder ie shown in 
Figure 1.4.
Plastic aaterial was fed from the hopper through the feed throat 
into the channel of the screw. The screw, which is driven by a 3 hp 
motor, rotates in a barrel Which has a hardened liner. Beat is applied 
to the barrels through four temperature controlled channels Which are 
maintained by a four channel, C. W. Brabender temperature control 
eonsole. As the plastic pellets are driven through the screw channel, 
they are melted. The melt flows through an adapter and then through the 
die.
The main feature of the extruder is the screw. The function of the 
screw is to convey unplasticated resin from the hopper and deliver it to 
the die at a uniform rate, and as a homogeneous melt. Common extruder 
designs are shown on Figure 1.5. A full flighted screw with constant 
pitch-varying channel depth is used in this extruder.
The capillary die used is shown on Figure 1.6. The capillary had a 
radious of 0.025 inches and a length of 2.0 inches, giving an t/D of 
80.0. Polymer melt temperature was measured using an Omega digital 
cemperature indicator, which was attatched to the die as shown on Figure 
6. ‘rh* tht m oupla has an accuracy of plus or minus 1 degree
-16-
EIEKENTS OF AN EXTRUDER
FIGURE 1.4
COMMON EXTRUDER SCREWS
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FIGURE 1.5
METERINC TYPE - RAPID TRANSITION
CONSTANT PITCH - VARYINC CHANNEL DEPTH
VARYING PITCH - CONSTANT CHANNEL DEPTH
CONSTANT PITCH - SMOOTH TORPEDO
B
VARYING PITCH - FLIGHTED TORPEDO
A - FULL FLIGHTED SCREWS
B - TORPEDO TYPE SCREWS
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ncURE 1.6 
EXTOUEER DIE SET UP
TEMPERATURE GAUGE
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centigrade. Pressure drop was aaaaurad with a Dynisco pressure 
indicator attatchad to tha dia as shown on Figura 1.6. Tha accuracy of 
tha prassura indicator is plus or minus 50 pounds par square inch.
Experimental trials ware run by setting tha extruder at a given 
spaed in RPM and allowing polymer malt to flow through tha capillary 
dia. Mass flow rates ware measured by weighing tha mass of axtrudata 
that flowed through the dia over a given time, usually 100 or 200 
seconds. Knowing this mass flow rata, apparent shear rata was 
calculated by aprroximating tha polymer density as nearly 1.0 and 
constant, so volumetric flow rate could be replaced by mass flow rmte. 
Pressure drop readings were taken as the trial proceded. In some cases, 
pressure drop did not remain constant throughout the trial run, so cars 
had to be taken to observe pressure drop readings several times within a 
trial.
Mew experimental runs were then taken by varying the extruder speed 
and repeating mass flow rate and pressure drop readings. After several 
extruder speeds were tried, the extruder temperature was changed and a 
new set of runs were taken. Proa these data, flow curves such as the 
one shown on Figure 1.7, were generated.
Materials tested in these experiments were selected so that flow 
behavior of polymer melts could be studied for various melt indices, 
densities, and monomers. Onion Carbide linear low density polyethylene 
resins of melt indes 0.8, 2.0, 5.0, 12.0, 20.0, and 50.0 ware tssted. 
Cheaplex high density polyethylene was also tested and compared to the 
linear low density resins. Shell polypropylene was then run and 
compared to the polyethylene samples.
-<u-
FIGURS 1.7
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RESULTS
The theories for viscous flow of polmeric fluids and thsir
relationship to polyssr molecular structure and chain entanglement can 
be tested with experimental flow curves as the ones shown on Figure 1.7.
Viscosity is a measure of resistance to flow, so any alignment or
disentanglement of polymer molecules in flow can be experimentally 
witnessed by a decrease in fluid viscosity. So viscosity curves can 
expose polymer molecular behavior under given conditions.
Figure 1.7 shows a representative flow curve for Shell
*
polypropylene. The hundredfold range of shear rate is quite small 
compared to the wide range shown on Figure 1.3. Thus, the chances of 
seeing the small Newtonian- pseudoplastic transition region is reduced 
since a smaller range of shear rates is Observed. Zn Figure 1.7, no 
transition can be seen. The slopes of these lines, which also is the
power law parameter, was found to range between 0.336 for 175 degrees
»
Celsius and 0.375 for 207 degrees celsius. Since n is much less than 
one, the curves definitely show pseudoplastic (non-Newtonian) behavior. 
Thus, the curves on Figure 1.7 represent a piece of the middle region of 
the curve shown on Figure 1.2.
Figure 1.8 shows plots of log'^ (viscosity) versus log (corrected 
shear rate). Like Figure 1.7, Figure 1.8 gives straight line 
relationships with no apparent transition region; this region must not 
have fallen within the tested range of shear rate. Figure 1.8 does 
show, however, a definite decrease in melt viscosity with an increase in 
shear rate. These results support the theories that chain orientation
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increases and partiol group size decreases aa shear rate increases, 
thus decreasing polymer fluid viscosity
Figure 1.9 shows the dependence of temperature on fluid viscosity 
for several different sheer rates. It is clear that these curves dhow 
that an Increase in temperature decreases fluid viscosity. Also, the 
relationship is very nearly linear which suggests a linear relationship 
between logt\ and T. These results support the theory that molecular 
internal energy increases with increasing temperature, a?lowing the 
polymer chains to move more freely, which decreases viscosity.
Similar sets of curves are given for Union Carbide linear low 
density polyethylene of melt indices 0.8, 2.0, 5.0, 12.0, 20.0, and 
50.0. These curves give very similar results as those of polypropylene. 
Flow curves for high melt index samples do, however, suggest a 
transition from Newtonian to non-Newtonian at low shear rates. Figure 
1.10 gives a qualitative relationship between malt viscosity and melt 
index for a given temperatue (147 degrees C) and shear rate (100 sec-*). 
A general decrease in viscosity is Observed with increasing melt index. 
High melt index fluids are less rigidly branched and therefore would be 
expected to flow easier than rigid, low melt index fluid. Thus, a 
decrease in viscosity with increasing melt index is expected and is 
supported by the results in Figure 1.10.
Chemplex high density polyethylene was also run. Flow curves are 
shown on Figure 1.29. These curves are quite different from the curves 
for linear low density polyethylene and polypropylene. At high 
temperature and high shear rates, the high density polyethylene degraded 
badly, as shown by the severe drop in shear stress with increasing shear
FIGURE 1.10
Log >1 VS. KS; T INDEX FOR LIN'SAR LOW DENSITY POLYETHTISI®
TEMP. - 14?’C
MI (9/10 min)
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rat* at 218 degrees C. A meaningful value for the power law parameter 
could not be calculated from these data, so malt viscosity curves war* 
not made.
- 27-
FICt?E 1.12
SHEAR AT WALL AS A FUNCTION OF APPARENT SHEAR RATE AND TEMPERATURE
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FIGURE.1.13
Log ^  VS. TEMPERATURE AS A FUNCTION OF SHEAR RATE
FIGURE 1.14
HAXIKUK SHEAR STRESS VS. APPARENT SHEAR RATS FOR VARIOUS TEMPERATURES
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SHEAR VISCOSITY AS A FUNCTION OF SHEAR RATE AND TEMPERATURE
Hi
-3^-
FIGURE 1.18 
Log ri VS. Log j UJ
~ J J -
Log >J VS. TOTERATTn,:. AS A FUNCTION OF SHEAR RATE
F1GURS 1,19
FIGURE 1.20
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FIGURE 1.22
Log ^  V3. TEMPERATURE AS A FLECTION OF SHEAR RATS
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Lot' n  VS. TEMPERATURE AS A FUNCTION OF SHEAR RATE
FIGURE 1.29
SHEAR STRESS VS. SHEAR RATE (APPARENT) 
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CONCLUSXNS AMD RECOMMENDATIONS
The flow curves derived in these experiments gave a good indication 
of how the polyeer melts studied behaved under the experimental 
oonditiona available. Unfortunately, the range of shear rates was 
Halted experiaentally and transition regions could not be located. Xn 
order to locate these important transitions regions, more advanced 
experimental equipment is necessary.
For most flow curves, the experimental region fell into the
I
non-Newtonian range of the flow curves. Thus*, when processing the 
materials studied under the conditions given, non-Newtonian flow can be
a
expected. In order to Observe transitions, a method for both raising 
and lowering experimental shear rates must be found. Lower shear rates * 
could not be Obtained with the present extruder since trials were made 
at the lowest extruder speed possible. Higher shear rates could be 
obtained with the present extruder, but the polymer melt showed melt 
fracture and eventually degraded at high rates.
Further testing of other polymer resins is recommended. A 
knowledge of when a polymer melt will behave like a Newtonian fluid or 
non-Newtonian fluid and when transitions occur is imperitive When 
processing polymer melts. Also, viscosity flow curves can reveal 
polymer interaolecular entanglements and network developments for given 
conditions. Thus, these experimental curves can either support or
dispute chain entanglement theories and lead to a better understanding 
of polymer melt flow behavior.
CHAPTER 2
«C»-i(OCHEMICAL REACTIONS
8UMMAKY
In th*M MperiM«t«, th« degradation of concsntrat*d solutions of 
yoly(othylso* acids) in w f s r m m  stadiad. Ths polynsrs Mers dsgrsdsd
mt^rnr i rnq in a concentric cylinder (countte) viscometer* Molecular 
weight reduction wee calculated ae a function of tine sheared for three 
different s t a r r in g  speeds.
k study of the effect of stirring speed on the rate of degradation 
was nade. The stirring speeds tested (120# 300# and 500 rpn) were nuch 
lower than those previously studied in other works (10#000 to 50#000 
rpn) and therefore gave a lower rate of degradation (12). For a 
stirring speed of 500 rpn, the degradation rate constant calculated was 
2 * 6 8 x 1 0 sin'1. Minoura (12) calculated a rate constant of 3.0x10*^ 
nin”1 for poly(ethylene oxide) in water by high-speed stirring (30#000 
rpn). Thus# a reduction in stirring speed lowered the degradation rate
- w -
conatant algalflcantly. Reducing stirring speed further to 300 rpa and
-8 -1120 rpa gave rata constants of 1 . 2 9 x 1 0 ain-1 and 2.18x10 ain“ 
raspactlvaly. Also, at a stirring spaad of 120 rpa. the polyaer 
solution showed no additional degradation after being sheared for twenty 
ainutes.
Table 2.1 and figure 2 . 5  give a brief summary of results.
TABLE 2 .1
-49-
EFFECT OF STIRRING SPEED ON DEGRADATION OF 
POLY (ETHYLENE OXIDE)
1.0%  STOCK SOLUTION
STIRRING
SPEED
(RPM)
Po P lim  DPoo K (MIN- 1 )
X I0 7
500 5 1 ,5 9 1  6 7 ,2 7 3  3 3 6 3 6 .5  2 .6 8
300 5 7 ,5 0 0  7 9 ,5 4 5  39772 1 .2 9
120 5 4 ,7 7 3  1 0 2 ,7 2 7  51363 0 .2 8
FICURE 2.5
RELATIONSHIP BETWEEN LIMITING HOIECULAR WEIGHT 
OR RATE CONSTANT AND STIRRING SPEED
0
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IHTRODUCTIOB
Concentrated polymer solutions are known to degrade When subject to 
an applied shearing force. Since degradation affects the performance of 
the polymer, a knowledge of when and how fast the polymer will degrade 
is necessary. By applying a known shearing force on a polymer solution 
for a measured amount of time, and measuring molecular weight reduction 
as a result of the shearing, experimental data for the rate of 
degradation can be obtained.
Zn these experimennts, concentrated solutions of poly(ethylene 
oxide) were degraded in a concentric cylinder (couette) viscometer. The 
molecular weight of the degraded polymer solution was found by measuring 
intrinsic viscosity with a Ubbelohde viscometer.
The affect of stirring speed on the rate of polymer degradation was 
studied. Zn previous sxperiments on poly(ethylene oxide) solutions, 
stirring speeds in the range of 10,000 to 50,000 revolutions per minute 
were used. Zn these experiments, such lower stirring speeds (120, 300, 
and 500 rpm) were used. As expected, the rate of polymer degradation 
decreased significantly with the lower stirring speeds.
Visoosity flow curves such as those discussed in Chapter 1 can be 
obtained for concentrated polymer solutions using flow birefringence 
techniques. An attempt was made to generate experimental flow curves 
using tuis technique, but was unsuccessful. Some of the problems in 
using this method are discussed.
-52-
t h e o r y
Many polyaer*" arc used industrially as additivas for lubrication 
and drag reduction. For instance, snail aaounts of poly(athylana oxide) 
in eater reduces the pressure drop for a given floe rate to as little aa 
one-fourth that for eater alone (13). This can be applied to several 
practical applications, such as puaping eater through a hose. A puap 
supplying a fixed pressure drop through a hose and nossle eill give a 
higher velocity for the polyaer solution than the pure eater (14). 
These polyaer additives, hoeever, are knoen to degrade during use, ehich 
decreases perforsance. A knoeledgs of this degradation process is 
necessary to design and optiaise a polyaer processing operation.
Mechanocheaical reactions are defined as cheaical changes brought
about solely aa the result of a aacroscopic, externally applied,
*
aeehanlcal force (IS). These cheaical changes are observed as a 
reduction in the polyaer nolecular weight. A reduction of molecular 
weight leads to a degrading of the polyaer. A knowledge of degradation 
is needed in several areas of polyaer processing) shear degradation can 
be used to achieve a desired aolecular weight distribution, visconetry 
and rheoaetry data are dependent on the polyaer degradation, and 
polyaeric additives used for lubrication or drag reduction degrade 
during use, which decreases perforaance (IS). Also,in aany process 
applications, the aaterial being processed is sufficiently sheared to 
degrade the fluid to its final tina-lndepandent properties, thereby 
enabeling their use in the precise design(16). The topic to be studied 
is the aolecular weight reduction due to aechanical shear of solutions 
of poly(ethylene oxide) in water.
When poly( ethylene oxide) solutions in water srs subjected to s 
■•chanical forca, aacro radicals fora due to broken bonds in the polyasr 
chain. This degradation reduces the polyaer average aolecular weight 
and Changes the aolecular weight distribution. There are aany factors 
involved in aechanocheaical degradation of polyaers. Xt is desirable to 
obtain soae sort of aatheaatical nodal for the rate of degradation of 
polyaers under specified conditions. Kinetic studies of the rate of 
degradation of aechanical shear are difficult to achieve. Multiple 
reactions, such as aechanical scission, recoabination, 
disproportionation, chain transfer, and teraination with solvent and 
radicle acceptors including oxygen, are involved (17). A rate constant 
can not be found by plotting aolecular weight versus tiae because 
aolecular weight distribution aay change during aechanocheaical 
reactions. A measure for the extent of degradation reaction aust be 
obtained to calculate a rate constant for a reaction.
Although there are no rate equations for the degradation of 
polyaers by high speed stirring, a rate constant can be estiaated using 
equations derived for the degradation by ultrasonic waves (12). Thers 
have been several different expressions derived for degradation of 
concentrated polyaer solutions and Belts by ultrasonic waves (12,17), 
but the equations aost coaaonly accepted by others for poly (ethylene 
oxide) were derived by Jellinek (IB) and Ovenall (19). Ovenall's 
equationi
dBi/dt » Kn(Po - PI) (1)
and Jellinek'st
dBi/dt ■ Kn(Po - 1) (2)
have both boon shown to express tho roto of scission with high spood 
stirring conporotivoly wo 11 (20), whoro dBi/dt is tho roto of bond 
breakage, n is tho initial nuabor of aolecules, Po is tho initial dogroo 
of polyaorisation, PI is tho Halting dogroo of polyaorisation, and K is 
tho dogradation rata constant. Ovenall's and Jollinok's aquations 
diffor in that Ovonall assunod that all bonds in a chain havo tho saao 
probability to broak except thoso bolow Pl/2 aonoaor units froa oach and 
and that tho aoloculos that aro not dogradod further aro between PI /2 
and PI , whoro Jellinek stated tho force acting on a chain length is a 
fuention of chain length (21). Since both equations wore found to work 
wall for poly(ethylene oxide) solutions (12), Jollinok's equation will 
bo used hero for siaplicity.
Jellinek and Whits (18) showed that by integrating equation 2, tho 
following expression can bo Obtained*
Bt/n ■ £(2Po/Pl)-lJ - (j(2Po/*l)-l) ♦ K(Po-Pl)tl e_KPlt (*>
Where Bt/n is the bonds broken per aolecule at any tiae t. Bt/n can be 
found by the siaple equation!
Bt/n » Ko/tat - 1 (4)
Where No is the initial aolecular weight before the polyaer solution is 
sheared and Nt is the aolecular weight after degrading for a tiae t. 
Bt/n can then be plotted as a function of tiae sheared as shown on 
Pigure 2.1. Proa this curve, a rate constant, K, can be found by trial
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FIGURE 2.1
NUKB3R OF BONDS BROKEN PER MOLECULE VS. TIME 
(-- ) EXPSRHENTAL DATA
(J) CALCULATED FROM JELLINEK'S EQUATION
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and error so that aquation 3 gives the best fit to the experimental 
curve for a given Po and PI. Thus, a degradation rate constant can be 
found simply with a knowledge of polymer molecular weight before 
shearing and after any time sheared.
Viscosity average molecular weights of poly(ethylene oxide) can be 
calculated from intrinsic viscosities in water at 30 degrees C. After 
degrading, concentrated solutions of poly(ethylene oxide) are diluted 
and intrinsic viscosity can be measured with a Ubbelohde viscometer. 
Table 1 provides the defining equation for dilute solution viscosity.
Intrinsic viscosity measurements were used to calculate the number 
average molecular weight of the polymer solutione. A Ubbelohde 
viscometer was used and equations were for dilute solution viscosity 
(32). Tabs 1 gives the equations used to determine intrinsic viscosity.
TABLE 1
SOLUTION VISCOSITY NOMENCLATURE
COMMON NAME SYMBOL AND EQUATION
Relative Viscosity >") r ■ 'i/r\,o ■ t/to
Specific Viscosity sp ■ V)r - 1
Reduced Viscosity n red a i\ sp/c
Inherent Viscosity h inh ■ ln>\ r/c
Intrinsic Viscosity [VQ ■ (*)8p/c)c-0« (ln^r/c) c-0
The relative viscosity is given as the ratio of the efflux time for 
the polymer solutions t, to that 'of pure solvent (water), t0. 
Specifically, this is the ratio of the viscosities of the solution, n. , 
and advent, . The specific viscosity is the relative increment in
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viscosity of the solution ovsr that of ths solvent. Ths reduced
viscosity is ths spscific viscosity per concentration. The intrinsic 
viscosity, CYx 3, is found by plotting reduced viscosity and inherent 
viscosity versus concentration and extrapolating to sero concentration. 
Intrinsic viscosity is read as the common intercept at c*0 of the best 
straight lines through the two sets of points (22). Since relative and 
specific viscosities are unitless, reduced viscosity, as well as 
intrinsic viscosity, have units of inverse concenti ition, deciliters per 
gram.
Molecular weight can then be calculated directly from the intrinsic 
viscosity. The Mark-Houwink equation
is used to find the viscosity average molecular weight. The viscosity 
average molecular weight lies somewhere between the weight average 
molecular weight and the number average molecular weight and is a used 
as a good estimate of both. In equation 5, a and k are constants that 
depend on solvent and temperature. For poly{ethylene oxide) in water 
solutions at 30 degrees C., a-0.78 and K*0.0125 (23). The viscosity 
average molecular weight can be plotted against time sheared to derive 
degradation curves.
In the experiments to be described, concentrated poly(ethylene 
oxide) solutions were degraded using a small gap couette viscometer. 
Equations for a small gap couette viscometer are as follows(10)t
(ft ] * Kluva (5)
£  * T/2ITLRJ2
i  « i i R 1/ ( R 2 -R1 ) (7)
«)
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Where c i* the shear stress and $ is the shear rate. T is the torque 
of the shear, R1 is the outer radious of the inner cylinder, R2 is the 
inner radious of the outer cylinder I, is the length of the annulus, aqd 
S>~ is the rotation speed of the inner cylinder with the outer cylinder 
stationary. Shear degradation is caused by the shear stress u  on the 
polyaer solution. This force aust be great enough to break polyaer
aolecular bonds to degrade the polyaer. It can be hypothesised that if 
the shearing stress is not great enough to break the aolecular bonds, 
no aolecular weight degradation will take place. There aust be soae 
"liaiting" stress under Which the polyaer solutions studied will not 
degrade. The stress is calculated froa a torque which is dependent on 
shear so actually, a "liaiting" shear rate can be found. A qualitative 
analysis of this "liaiting" shear rate will be aade in these 
experiaents.
-59-
APPARATUS AND EXPERIMENTAL PROCEDURE
Poly(ethylene oxide) solutione were aede 19 by adding a known 
amount of resin very slowly to the vortex of noderately stirred 
deionized water. Cluaps of polyaer formed in the solution, so cabs had 
to be taken not to add the polymer too quickly. The viscous solution 
was stirred three to five hours at a moderate rate using a specially 
designed stirring rod supplied by Nalco cheaical company. The solutione 
were allowed to stand overnight to clear up air bubbles and ensure total 
dissolution. Solutions were 1.0 weight t poly(ethylene oxide) in water.
Poly(ethylene oxide) solutions were sheared using a concentric 
cylinder (couette) rotational viscometer, as shown in Figure 2.2. 
Various shear ratea were used. Dimensions of the couette, as shown on 
Pigure 2.3, are outer cylinder ID is 1.04", inner cylinder OD is 1.01", 
and annular length is 1.78". This leaves an annular spacing of 0.03".
Approximatedly 7.5 milliliters of the 1.0% poly(ethylene oxide), 
PBO, solution to be sheared was measured into the outer cylinder of the 
couette. The couette ties then assembled for shearing. Before the 
couette was placed in a cool water bath, parafilm laboratory film was 
wrapped around the outside of the outer cylinder/top connection. This 
is to ensure that no water could enter the couette. The couette was 
clamped tightly with a screw clamp and shearing began.
A room temperature water bath was used to minimise viscous heating 
while the solution was being sheared. The stirring mechanism consisted 
aof a heavy-duty laboratory stirrer with a dialed motor controller. A 
digital "Phototaeh" was used to calculate the stirring speeds in 
revolutions per minute.
-6 0-
ncORB^a
COUSTTS APPARATUS
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FICURE 2 .3
DIMENSIONS OF COUETTO
0.03"
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After stirring the desired tins «t the desired speed, 1.0 al of the 
solution «ss reaoved froa ths coustts and dilutsd Mith 20 nl of 
dsionissd Matsr. This nads a solution concsntation of 0.0476 grans PRO 
par dsoilitsr solvent. This solution mss filtsrsd through a buchnsr 
funnsl with qualitative no. 1 filter paper, and was than ready for 
intrinsic viscosity analysis
A Ubbelohde viseoaeter, Figure 2.4, was used to oalculata intrinsic 
visoosity. The diluted solution was transferred to the viseoaeter and 
placed into a constant teaperature bath so that the upper nark of the 
viseoaeter was ooapletely snerged. The constant tsaperaturs bath was 
aaintained at 30.0 degrees C. Diaethylpolysiloxane oil was used as the 
bath aedla. The solution was allowed 10 to 15 ainutes to reaeh a 
constant teaperature. Filtered nitrogen was blown into tube 1 with tube 
2 plugged, so that the solution was forced up above the upper aark of 
the bulb on the capillary ara. The solution was allowed to run down the 
oapillery froa the bulb. The exact tiae for the solution to go free the 
upper hash aark to the lower hash aark was aeasured to the one-hundredth 
second with a stop watch. Readings were repeated until three 
consecutive aeasurenents agreed to within 0.2 seconds.
The procedure was repeated twice using two dilutions of 5.0 nl of 
filtsrsd deionised water (giving concentrations of 0.0317 g/dl and 
0.0238 g/dl). The Ubbelohde viseoaeter was then washed with aethanol 
and acetone, and rinsed several tines with deionised water. Deionised 
water was then blown up through the capillary tube with filtered 
nitrogen and out the top to ensure that no saall particles were trapped 
inside the capillary tube.
figure z.k
U3BELHCHDS VI3CCKS7SR
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Flow birefringence by a couette viscoaeter was attempted in ordar 
to dorivs flow curvas for ooneantratsd polyaar solutions. Tha flaw 
curves would ba' siailar to thosa diseussad ii Chaptar 1. Tha 
experimental procadura and satup was followsd froa th Nastars thasis of 
Prodos (24). Xn his experiments, however, ha usad watar solutions of a 
Billing ysllow dye, and not viscous polyaar solutions. Tha couatta 
visooaatar usad was tha saaa as that usad for shaar dagradation and is 
illustratad on Figuras 2.2 and 2.3. Data, howavar. eould not ba 
obtainad for flow birafringanca with this davioa dus to extensive air 
bubblas and streaks that foraad in tha polyaar solutions. Natsrials 
tastad wars? Saparan. 2.0 and 1.0 parcant solutions in watar. trierasyl 
phosphate, and glyoarin.
Attempts wara aada to claar up tha bubbla foraation. A shortar 
cylinder with a wider annulous was aada. Surfactants sueh as Dow
Corning Antifoaa, Octyl alcohol, table salt, and liquid dish soap wara 
triad to reduce air bubblas, but they wara unsuccessful. Ths saparan 
solutions wara also put under vaeuua for axtansiva periods of tiaa to 
da-gas air bubbles, but this was also unsuccessful. Xt was suspected 
that as soon as tha vaeuua was released, air was retrapped in tha 
viscous polyaur solution. A nethod to asasura birefringence under a 
vaeuua or very low pressures aay be necessary when using viscous, "airy" 
polyaar solutions. A very delicate optical systea with a precisely 
placed polariser and light source is also necessary. The experiaental 
satup used in these experinents was not advanced enough to obtain data 
for polyaar solutions.
RESULTS
Concentrated solutions of poly(sthylsns oxids) srs known to degrade 
with high-speed stirring(12). Littls is known, however, about how 
poly(sthylsns oxids) solutions dsgrsds with vary low-speed stirring, or 
if thsra is any stirring spssd bslow Which poly(sthylsns oxids) 
solutions will not dsgrsds. In thsss sxpsrissnts, l.Ot solutions of
poly(sthylsns osids) wsrs dsgrsdsd for various tisss in a ooustts
visoosstsr undsr considerably lower shear rates (120, MO, and 500 rpa) 
than used previously by other authors (12,20,25).
Intrinsic viscosities for various tisss Sheared and Shear rates 
were plotted and calculated as described previously. Plots and 
tabulated data are shown in Appendix A. Table 2.2 gives tilt
poly(ethylene oxide) degradation results for a shear rate of 500 rpa. 
Plots of intrinsic viscosity, aolocular weight, and bonds broken per 
oolecule versus tine are shown in Figures 2.6 , 2.?, and 2.8
respectively. Proa these plots, it is apparent that poly (ethylene
oxide) does degrade significantly at a shear rate of 500 rpa. The 
degradation rate constant for this shearing rats was calculated by trial 
and error. Tbs trial and error procedure is outlined in Appendix 1. 
The rate constant was found to be 2.68x10 ' ain . Minoura (12) found a
rate constant of 3 .0xl0~^ sin- 1  for poly(ethylene oxids) in water by
\
high-speed stir lag (30,000 rpa). Thus, a reduction in stirring speed 
froa 30000 rpa to 500 rpa produced a ten fold decrease in the rate of 
poly(ethylene oxide) degradation.
Plots of intrinsic viscosity, aolscular weight, and bonds broken
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TABLE 2.2
POLY (ETHYLENE OXIDE) DEGRADATION RESULTS 
1.0% STOCK SOLUTION « 1 
SHEAR RATE * 500 RPM
TIME
SHEARED
(MIN)
INTRINSIC
VISCOSITY
<1 >
MOLECULAR
WEIGHT
(M) Bt/no
0 li. 35 2.27X10® 0
1 . 0 11.14 2.219X106 0.0230
5.0 10.55 2.069X10® 0.0971
1 0 . 0 10.45 2.044X10® 0.1106
15.0 9.70 1.858X10® 0.2217
2 0 . 0 9.52 1.814X10® 0.2514
30.0 9.35 1.773X10® 0.2803
40.0 8.97 1.681X10” 0.3504
•0 . 0 8.50 1.569X10® 0.4468
1 0 . 0 8.30 1.521X106 0.4924
LIMITING MOLECULAR WEIGHT - 1.48X106
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FIGURE 2.6
FOLY(ETHYLENE OXIIE) l.O#-STOCK SOLUTION#! 
INTRINSIC VISCOSITY (*£ AS A FUNCTION OF TINE SHEARED
SHEAR RATE - 500 RPM
11
>V
D
TINE (NINUIES)
7 0
FlOVra 7 / r
POLY(ETHYIi:f.’E OXIDE) 1.'/<  ,? F /S  '■/ '"'I'"*' # J
IfCIFCU IA '’ WE 1 1  f*, i DS ADATICN A3  A r '»*/’ r « s,  * i O!-j, tno Tirf:
" « 7  “
FIGURE 2.8
POLY (ETHYLENE OXIEE) 1,0% STOCK SOLUTION #1
NUK3SR OF BONDS BROKEN FSR KOIECUIE VS. TIM 
SHEAR RATE - 5C0 RPM
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p«r molecule versus tiaa sheared are shown for a ahaar rata of 300 rpn 
on Figuraa 2 .9 , 2JL0, and 2.11 raapactivaly. Raaulta ara ahown on Tabla 
2.3. Lika 500 rpa, a 300 rpa ahaaring rata gava aignifleant 
dagradation. Tha rata conatant of dagradation waa found to ba 1.29x10“' 
niiT1 , about ona-half that for 500 rpa.
Intrinaic vlacoelty, aolacular waight, and bonda brokan par 
aolacula varaua tiaa ahaarad plota ara ahown for 120 rpa on Flgura 2.12, 
2.13, and 2. I** respectively. Raaulta ara ahown in Tabla 2.4. Although
O 1a rata eonatant of 2.18x10 ain was found for thia ayatan (about 
one-tenth that of 500 rpa), Figuraa 2.12, 2.13, and 2.1^ ahow that 
alaoat no dagradation takas placa aftar about 20 ainutas of stirring. 
Furtharaors, tha dagradation that doas taka placa initially, is saall 
coaparsd to that for tha highar ahaaring ratas. Hanca, it can ba 
concluded that dagradation will ba dacraasad significantly if tha 
poly(ethylene oxide) solutions ara sheared at low shear rates^
Tabla 2.5 lists tha three stock solutions made up for tha three 
different shearing rataa. Solution 1 was used for 500 rpa data, 
solution 2 waa used for 300 rpa data, and solution 3 waa used for 120 
rpa data. Figure 2 . 1 5  gives a plot of initial aolacular waight and 
intrinsic viscosity for tha three different stock solutions versus tha 
aaount of tiaa tha solutions ware stirred kftiile preparing. It is seen 
that stirring tha solution causes dagradation - especially whan tha 
original solid poly(ethylene oxide) had a aolacular waight of 4,000,000. 
Unfortunately, it is vary difficult to dissolve tha poly(ethylene oxide) 
in water unless this stirring tiaa is allowed, so dagradation auat ba 
expected.
n -
TABLE 2.3
POLY (ETHYLENE OXIDE) DEGRADATION RESULTS 
1.0% STOCK SOLUTION # 2 
SHEAR RATE * 300 RPM
TIME
SHEARED
(MIN)
INTRINSIC
VISCOSITY
(?)
MOLECULAR
WEIGHT
(M) Bt/no
0 12.35 2.53X10® 0
1 . 0 12.15 2.48X10® 0 . 0 2 0 2
5.0 11.96 2.43X10® 0.0411
1 0 . 0 11.45 2.30X10® 0 . 1 0 0 0
2 0 . 0 1 1 . 1 0 2.21X10* 0.1448
30.0 10.92 2.16X10® 0.1713
40.0 10.57 2.07X10* 0 . 2 2 2 2
60.0 10.37 2.02X10® 0.2525
80.0 9.72 1.86X10® 0.3602
1 0 0 . 0 9.35 1.77X10® 0.4294
LIMITING MOLECULAR WEIGHT * 1.75X10®
FIGURE 2.9
POLYETHYLENE oxiie) 1.0* stock SOLUTION #2 
INTRINSIC VISCOSITY OQ AS A FUNCTION OF TINS SHEARED
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figure 2 , 1 0
poly(ethylene oxide) i,o£ stock SOLUTION #2
MOLECULAR WEIGHT DEGRADATION AS A FUNCTION OF SHEARING TIME
TIME (MINUTES)
FIGURE 2.11
POLYETHYLENE OXIDE) 1 .Of? STOCK SOLUTION #2 
NUMBER OF BONDS BROKEN PER MOLECULE VS. TIKE
TABLE 2.4
POLY (ETHYLENE OXIDE) DEGRADATION RESULTS 
1.0% STOCK SOLUTION # 3 
SHEAR RATE =120 RPM
TIME
SHEARED
(MIN)
INTRINSIC
VISCOSITY
<»>
MOLECULAR
WEIGHT
(M)
Bt/' no
0 11.90 2.41X10® 0
1 . 0 11.60 2.34X10! 0.0299
5.0 11.50 2.31X10® 0.0433
1 0 . 0 11.45 2.30X10® 0.0478
2 0 . 0 11.38 2.28X10® 0.0570
40.0 11.33 2.27X10® 0.0617
60.0 11.32 2.26X10® 0.0664
80.0 11.32 2.25X10® 0.0664
1 0 0 . 0 11.30 2.26X10® 0.0664
LIMITING MW = 2.26X10®
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FIGURE 2.12
FOLY(ETHYIENE OX IIS) 1.0* STOCK SOLUTION #3
INTRINSIC VISCOSITY flp AS A FUNCTION OF TINE SHEARED
SHEAR RATE - 120 RPM________ _____
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TIME (MINUTES)
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FIGURE 2.13
polyethylene OXIDE) 1.0# STOCK SOLUTION #3 
MOLECULAR WEIGHT DEGRADATION AS A FUNCTION CF SHEARING THE
SHEAR RATE - 120 RFM
TIKE (KINU1ES)
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rXCURE 2.14
POLY(ETHYI£NE oxide) i,o£ s t o c k  SOLUTION #3 
NUMBER OP BONDS BROKEN PER KOLECUIE VS. TIME
TIME (minutes)
7 ?
TABLE 2.5
EXPEk MENTAL DATA: 
^1.0% POLY (ETHYLENE OXIDE) 
STOCK SOLUTIONS
SOLUTION
*
DATE
MADE
TIME
STIRRED
UNSHEARED
INTRINSIC
viscosity
INITIAL
MOLECULAR
WEIGHT
1 2/15/83 Sh hrs. 11.35 2.27X106
2 3/25/83 4 hrs. 12.35 2.53X10®
3 4/15/83 5 hrs. 11.90 2.41X10®
FIGURE 2.15
INTRINSIC VISCOSITY AND INITIAL HCIECULAR WEIGHT VS. TIM STIRRED 
FOR POLYfETiiYIEIJE OXIDE) 1.05J STCK SCIUTICNS
13
12
O
in it ia i
INTRINSIC
VISCOSITY
11
3 ^ 5 6 7
TINE SHEARED (HOURS)
2.0 10
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CONCLUSIONS AND RECOMMENDATIONS
Rat* constant* for th* degradation of concentrated poly(ethylene 
oxide) solutions in water were calculated for three stirring speeds. 
These stirring speeds were significantly lower than those used in 
previous studies, and as expected, th* degradation rate constant was 
■uch lower.
At a stirring speed of 120 rpn, the polymer solution did not 
degrade further after being sheared for approxiaately 20 ainutes. Also, 
a relatively small aaount of degradation took place in the first 20 
ainutes. This suggests that there aay be soae stirring speed below 120 
rpa Where degradation does not take place. Further testing to find this 
liaiting stirring speed is suggested.
A knowledge of shear degradation rates and liaiting aolecular 
weights is very valuable when processing a polymer solution under shear. 
For example, th* performance and lifetiae of the polymer can be 
predicted. Process conditions can also be varried to iaprov* the 
polymer performance.
Polymer processing , as a whole, could become more dependable and 
predictable with sufficient knowledge of th* polymer's degrading 
characteristics.
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Appendix A
Experimental Bata
POLYMER VISCOSITY AS A FUNCTION OF
MELT INDEX: P o l y e t h y l e n e  M e l t s
MI logTJ (Nsec /M 2 )
o.e 3.133 1358
2 . 0 3.266 1845
5.0 2 . 8 6 6 734.5
1 2 . 0 3.035 1084
2 0 . 0 2.895 785.2
50.0 2.845 699.8
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RHEOLOGY DATA FOR SHELL POLYPROPYLENE
MI * 5 . 0
II
m * (Sec
Zw * RAP/2I > 2
RUN TEMP PRESSURE RPM TIME WEIGHT twa tv l o g  Vwa logtW° c PS I (sec) (g rams) ( s e c ~ l ) X10~4
2 7 - 1 175 1480 4 . 0 100 1 . 6 5 7 0 82 i 40 6 . 3 7 7 1 . 9 1 6 4 . 8 0 52 7 - 2 175 1800 8 . 0 100 2 . 7 8 8 6 1 3 8 . 6 7 7 . 7 5 6 2 . 1 4 2 4 . 8 9 02 7 - 3 175 2050 1 1 . 0 100 3 . 9 5 3 7 1 9 6 . 6 0 8 . 8 3 4 2 . 2 9 4 4 . 9 4 62 7 - 4 175 2 300 1 4 . 0 100 5 .7 1 0 2 2 8 3 . 9 5 9 . 9 1 1 2 . 4 5 3 4 . 9 9 62 7 - 5 175 2410 1 7 . 0 100 7 . 0 6 4 5 3 5 1 . 2 9 1 0 .3 8 5 2 . 5 4 6 5 . 0 1 62 7 - 6 175 2620 2 0 . 0 100 8 . 8 6 5 8 4 4 0 . 8 7 L I .2 9 0 2 . 6 4 4 5 . 0 5 32 7 - 7 185 1300 4 . 0 100 1 .9 2 0 1 9 5 . 4 8 5 . 6 0 2 1 . 9 8 0 4 . 7 4 82 7 - 8 185 1590 8 . 0 100 2 . 9 7 3 8 1 4 7 . 8 8 6 . 8 5 1 2 . 1 7 0 4 . 8 3 62 7 - 9 185 1800 1 1 . 0 100 4 . 0 0 4 1 1 9 9 . 1 1 7 . 7 5 6 2 . 2 9 9 4 . 8 9 02 7 - 1 0 185 2010 4,0 100 5 . 7 7 6 4 2 8 7 . 2 4 8 . 6 6 1 2 . 4 5 8 4 . 9 3 82 7 - 1 1 185 2230 17.0 100 7 .4 3 3 5 3 6 9 .6 4 9 . 6 0 9 2 . 5 6 8 4 . 9 8 32 7 - 1 2 185 2350 2 0 . 0 100 9 .0 6 3 1 4 5 0 . 6 8 1 0 . 1 2 6 2 . 6 5 4 5 .0 0 52 7 - 1 3 185 2550 2 4 . 0 100 1 1 . 6 6 3 4 5 7 9 . 9 8 1 0 . 9 8 8 2 . 7 6 3 5 . 0 4 12 7 - 1 4 185 2800 3 0 . 0 100 1 5 . 8 0 4 0 7 8 5 . 8 8 1 2 . 0 6 6 2 . 8 9 5 5 .0 8 22 7 - 1 5 196 1200 4 . 0 100 1 . 8 4 9 5 9 1 . 9 7 ' 5 . 1 7 1 1 .9 6 4 4 .7 1 4
2 7 - 1 6 196 1470 8 . 0 100 3 .0 0 8 4 1 4 9 . 6 0 6.  334 2 . 1 7 5 4 . 8 0 2
2 7 - 1 7 196 1750 1 2 . 0 100 5 . 0 7 8 8 2 5 2 . 5 5 7 . 5 4 1 2 . 4 0 2 4 . 8 7 7
2 7 - 1 8 196 1950 1 6 . 0 100 6 . 8 8 2 5 3 4 2 .2 4 8 . 4 0 3 2 . 5 3 4 4 .9 2 4
2 7 - 1 9 196 2200 2 0 . 5 100 9 . 1 6 6 2 4 5 5 . 8 0 9.  480 2 . 6 5 9 4 . 9 7 72 7 - 2 0 196 2390 2 4 . 0 100 1 1 . 4 9 9 0 5 7 1 . 8 1 1 0 . 2 9 9 2 . 7 5 7 5 . 0 1 3
2 1 - 1 207 1050 4 . 0 100 1 .7 7 6 1 88.  32 4 . 5 2 5 1 .9 4 6 4 . 6 5 6
28-2 207 1350 8 . 0 100 2 . 9 9 2 6 1 4 8 .8 1 5.8x7 2 . 1 7 3 4 . 7 6 5
28-3 207 1500 1 2 . 0 100 4 . 3 8 3 4 2 1 7 . 9 7 6 . 4 6 4 2 . 3 3 8 4 . 8 1 02 8 - 4 207 1795 1 6 . 0 100 6 . 5 5 0 7 3 2 5 .7 4 7 . 7 3 5 2 . 5 1 3 4 . 8 1 9
28-5 207 1955 2 0 . 0 100 8 . 6 6 8 6 4 3 1 . 0 6 8 . 4 2 4 2 . 6 1 5 4 . 9 2 6
28-6 207 2100 2 5 . 0 100 
____ l
1 1 . 1 5 9 7 5 5 4 . 8 8 9 . 0 4 9 2 . 7 4 4
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CALCULATED DATA FOR SHELL POLYPROPYLENE 
MI » 5.0
RUN TEMP
°c
Ywa n tw n loqtw loqf ft
27-1 175 82.40 .336 123.1 518.0 2.090 2.714 14716
27-2 175 138.67 .336 207.2 374.3 2.316 2.573 14716
27-3 175 196.60 .336 293.7 300.8 2.468 2.478 14716
27-4 175 283.95 .336 424.2 233.6 2.628 2.369 14716
27-5 175 351.29 .336 524.8 197.9 2.720 2.296 14716
27-6 175 440.87 .336 658.7 171.4 2.819 2.234 14716
27-7 185 95.48 .359 142.7 392.6 2.154 2.594 11315
27-8 185 147.88 .359 220.9 310.1 2.344 2.492 11315
27-9 185 199.11 .359 297.5 260.7 2.473 2.416 11315
27-10 185 287.24 .359 429.2 2 0 1 . 8 2.633 2.305 11315
27-11 185 369.64 .359 552.3 174.0 2.742 2.241 11315
: 7-12 185 450.68 .359 673.3 150.4 2.828 2.177 11315
27-13 185 579.98 .359 866.5 126.8 2.938 2.103 11315
27-14 185 785.88 .359 1174.1 1 0 2 . 8 3.070 2 . 0 1 2 11315
27-15 196 91.97 .372 137.4 376.3 2.138 2.576 9692
27-16 196 149.60 . 372 223.5 283.4 2.349 2.452 9692
27-17 196 252.55 .372 377. 3 199.9 2.577 2.301 9692
27-18 196 342.24 .372 511.3 164. 3 2.709 2.716 9692
27-19 196 455.80 .372 681.0 139.2 2.833 2.144 9692
27-20 196 571.81 .372 854.3 1 2 0 . 6 2.932 2.031 9692
28-1 207 88.32 .375 131.9 343.1 2 . 1 2 0 2.535 8624
28-2 207 148.81 .375 222.3 261.7 2.347 2.418 8624
28-3 207 217.97 .375 325.7 198.5 2.513 2.298 8624
28-4 207 325.74 .375 486.7 158.8 2.687 2 . 2 0 1 8624
28-5 207 431.06 .375 644.0 130.8 2.809 2.117 8624
28-6 207 554.88 .375 829.0 109.2 2.919 2.038 8624 1
1
RHEOLOGY DATA FOR LLDPE
UNION CARBIDE RESIN: GRSN-7340 
. MI ■ 0.8
R - .025" *wa * apparant shear » rM/*R3P (sec"1}
L * 2 *0" t w  = shear at wall - RAP/2L (N/m*)
RUN TEMP
°C
PRESSURE 
PS I
RPM TIME
(sec)
WEIGHT 
(grains)
tw a
(sec”3-)
1--- :---
tw loamra loqtw
16-9 139 3520 4.0 200 3.1834 75.38
m !
1.517 1.877 5.181
16-10 139 4200 6.5 200 4.3896 109.1 1.810 2.038 5.258
16-11 139 4700 8.5 200 5.3764 133.7 2.025 2.126 5.306
16-12 139 5050 1 0 . 0 200 6.2382 155.1 2.176 2.191 5.338
16-13 139 5700 1 2 . 0 200 7.0878 176.2 2.456 2.246 5.390*
16-16 153 2950 4.0 200 3.0578 76.03 1.271 1.881 5.104
16-17 153 3450 6.5 200 4.3668 108 • 6 1.487 2.036 5.172
16-18 153 4000 1 0 . 0 200 6.0576 150.6 1.724 2.178 5.236
16-19 153 4750 14.0 200 9.2690 230.5 2.047 2.363 5.311
16-20 153 5300 17.5 200 11.9756 297.8 2.284 2.474 5.359
16-21 153 5600 2 0 . 0 200 4.2086 348.8 2.413 2.543 5.383
25-1 172 2950 4.0 200 2.5155 62.54 1.271 1.796 5.104
25-2 172 3500 7.0 200 3.8186 94.94 1.508 1.977 5.178
25-3 172 3950 1 0 . 0 200 5.3575 133.2 1.702 2.124 5.231
25-4 172 4450 13.0 200 7.6881 191.2 1.918 2.281 5.283
25-5 172 4770 16.0 200 9.9435 247.2 2.055 2.393 5.313
25-6 172 5100 19.0 200 12.9285 321.4 2.198 2.507 5.342
25-7 172 5650 24.0 200 18.1344 450.9 2.435 2.654 5.386
OS-
* K h n iw ■ (^4n )^ Vwa f Cw/Jw (Nsec/m^)
* corrected shear rate - viscosity
CALCULATED DATA
LLDP5 GRSN 7340 MI »  0 .8
RUN TEMP
°C
Ywa n fw f
•
loq Kr loq J K
16-9 139 75.38 .502 94.07 1612.6 1.973 3.207 17293
16-10 139 109.1 .502 136.2 1328.9 2.134 3.124 17293
16-11 139 133.7 .502 166.9 1213.3 2 . 2 2 2 3.084 17293
16-12 139 155.1 .502 193.5 1124.5 2.287 3.051 17293
16-13 139 176.2 .502 219.9 1116.9 2.342 3.048 17293
16-16 153 76.03 .423 1 0 2 . 0 1246.1 2.009 3.096 20436
16-17 153 108.6 .423 145.7 1 0 2 0 . 6 2.164 3.009 20436
16-18 153 150.6 .423 2 0 2 . 1 853.0 2.306 2.931 20436
16-19 153 230.5 .423 309.3 661.8 2.490 2.821 20436
16-20 153 297.8 .423 399.6 571.6 2.602 2.757 20436
16-21 153 348.8 .423 468.1 515.5 2.670 2.712 20436
25-1 172 62.54 .388 87.2 1457.6 1.941 3.164 25602
25-2 172 94.94 .388 132.4 1139.0 2 . 1 2 2 3.057 25602
25^3 172 133.2 .388 185.7 916.5 2.269 2.962 25602
25-4 172 191.2 .275 317.2 604.7 2.501 2.782 45224
25-4 172 247.2 .275 410.1 501.1 2.613 2.700 45224
25-6 172 321.4 .275 533.2 412.2 2.727 2.615 45224
25-7 172 450.9 .275 748.1 325.5 2.874 2.513 45224
-90-
RHEOLOGY DATA FOR LLDPE
UNION CARBIDE R ESIN : GRSN-7040
, MI - 2.0
R " *025" *wa - apparent shear « 4M/wR3p (sec-1)“ 2.0" tTv - shear at wall ■ RAP/2L (N/m*)
RUN TEMP.
°c
PRESSURE
PSI
RPM TIME
(sec)
WEIGHT
(grains)
tfwa
(sec-*)
tw logfw* log T w
10-3 139 5200 8 . 0 200 3.8375 95.38
X105
2.241 1.979 5.350
1 0 - 6 139 4050 4.5 200 2.1187 52.68 1.745 1.722 5.242
10-7 139 5850 1 0 . 0 200 5.0100 124.5 2.521 2.095 5.402
1 0 - 8 139 6650 1 2 . 0 200 6.7540 167.9 2 . 8 6 6 2.225 S .457
10-9 139 5500 9.0 200 4.2399 105.4 2.370 2.023 5.375
1 0 - 1 0 139 4600 6 . 0 200 2.9325 72.92 1.982 1.863 5.297
1 0 - 1 1 147 3500 4.5 200 2.0456 50.86 1.508 1.706 5.179
1 0 - 1 2 147 3950 6 . 0 200 2.6353 65.54 1.702 1.817 5.231
10-13 147 4700 8 . 0 200 3.6695 91.23 2.025 1.960 5.306
10-14 147 5010 9.5 200 4.2822 106.49 2.159 2.027 5.334
10-15 147 5350 10.5 200 4.8023 119.4 2.305 2.077 5.363
10-16 147 6020 1 2 . 0 200 6.5266 162.3 2.594 2 . 2 1 0 5.414
10-17 147 6500 14.0 200 7.7019 191.5 2.801 2.282 5.447
1 2 - 1 133 4000 4.0 200 1.9370 48.15 1.724 1.683 5.236
1 2 - 2 133 4450 4.5 200 2.3104 57.42 1.918 1.759 5.283
12-3 133 5000 6 . 0 200 3.0527 76.91 2.155 1 . 8 8 6 5.333
12-4 133 5600 7.5 200 3.7730 93.79 2.413 1.972 5.383
12-5 133 6150 8.5 200 4.5566 113.3 2.650 2.054 5.423
1 2 - 6 133 6700 1 0 . 0 200 5.3098 132.0 2.887 2 . 1 2 1 5.460
-91-
■ k Jw 11 i'wa ■ corrected shear rate at wall 
? » viscocity - t v / t v  (») Nsec/m2
CALCULATED DATA
LLDPE GRSN 7040 MI -  2 .0
RUN TEMP
c
*va n t v * log t v log f K
10-3 139 95.38 .432 126.0 1778.6 2 . 1 0 0 3.250 29944
1 0 - 6 139 52.68 .438 69.58 2507.9 1.842 3.399 29944
10-7 139 124.5 .438 164.4 1533.4 2.216 3.186 29944
1 0 - 8 139 167.9 .438 2 2 1 . 8 1292.7 2.346 3.111 29944
10-9 139 105.4 .438 139.2 1702.6 2.144 3.231 29944
1 0 - 1 0 139 72.92 .438 96.31 2057.9 1.984 3.313 29944
1 0 - 1 1 147 50.86 .467 65.37 2306.9 1.815 3.363 24307
1 0 - 1 2 147 65.54 .467 84.24 2020.4 1.926 3. 305 24307
10-13 147 91.23 .467 117.3 1726.3 2.069 3.237 24307
10-14 147 106.49 .467 136.9 1577.1 2.136 3.198 24307
10-15 147 119.4 .467 153.5 1501.6 2.186 3.177 24307
10-16 147 162.3 .467 208.6 1243.5 2.319 3.095 24307
10-17 147 191.5 .467 246.01 1138.2 2.391 3.056 24307
1 2 - 1 133 48.15 .501 60.13 2867.1 1.779 3.457 24824
1 2 - 2 133 57.42 .501 71.72 2674.3 1.856 3.427 24824
12-3 133 76.91 .501 96.06 2243.3 1.983 3.351 24824
12-4 133 93.79 .501 117.1 2061.0 2.069 3.314 24824
12-5 133 113.3 .501 141.5 1872.8 2.151 3.272 24824
1 2 - 6 133 132.0 .501 164.9 1750.8 2.217 3.242 24824
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RHEOLOGY DATA FOR LLDPE
GRSN 7148 MI ■ 5.0
fwa - apparent shear - 4M/JIR3p 
tTw - shear at wall ■ RAP/2L
RUN TEMP
°C
PRESSURE
PSX
RPM TIME
(sec)
MASS
(prams)
twa
(sec”1)
tWjj(2)
X10"4 loglwa loq tw
18-13 132 1 1 0 0 4.5 200 1.4460 35.95 4.740 1.556 4.676
18-14 132 1350 6 . 0 200 1.7700 44.00 5.817 1.643 4.765
18-15 132 1750 9.0 200 2.4537 61.01 7.541 1.785 4.877
18-16 132 2 2 1 0 1 2 . 0 200 3.5450 88.14 9.523 1.945 4.979
18-17 132 2650 15.5 200 4.5971 114.3 11.419 2.058 5.058
18-18 132 2950 2 0 . 0 200 5.7512 143.0 12.712 2.155 5.104
2 0 - 1 137 950 4.5 200 1.6150 40.15 4.094 1.604 4.612
2 0 - 2 137 1250 6.5 200 2.1018 52.26 5.387 1.718 4.731
20-3 137 1510 8.5 200 2.7027 61.20 6.507 1.827 4.813
20-4 137 1850 11.5 200 3.5618 88.56 7.972 1.947 4.90’
20-5 137 2410 15.0 200 5.2528 130.6 10.385 2.116 5.016
2 0 - 6 137 2900 2 0 . 0 200 6.8401 170.1 12.497 2.231 5.097
20-7 147 700 6 . 0 200 1.3611 33.84 3.106 1.529 4.479
2 0 - 8 147 900 8 . 0 200 1.8192 45.23 3.878 1.655 4.589
20-9 147 1300 10.5 200 2.7610 68.65 5.602 1.837 4.748
2 0 - 1 0 147 1500 1 2 . 0 200 3.3057 82.19 6.454 1.915 4.810
2 0 - 1 1 147 1650 14.0 200 3.7278 92.69 7.110 1.967 4.852
2 0 - 1 2 147 1800 17.0 200 4.0952 1 0 1 . 8 7.757 2.008 4.890
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CALCULATED DATA
LLDPE GRSN 7148 MI -  5 .0
RUN TEMP
°c
n iw 1 loglw log J K
18-13 132 35.95 .660 40.58 1168.1 1.608 3.067 4753
18-14 132 44.00 .660 49.67 1171.1 1.696 3.069 4753
18-15 132 61.01 .660 68.87 1095 1.838 3.039 4753
18-16 132 88.14 .660 99.49 957 1.998 2.981 4753
18-17 132 114.3 .660 129.0 885.2 2 . 1 1 1 2.947 4153
18-18 132 143.0 .660 161.4 787.6 2.208 2.896 4753
2 0 - 1 137 40.15 .754 43.42 942.9 1.638 2.974 2650
2 0 - 2 137 52.26 .754 56.52 953.1 1.752 2.979 2650
20-3 137 61.20 .754 66.19 983.1 1.821 2.992 2650
20-4 137 88.56 .754 95.78 832.3 1.981 2.970 2650
20-5 137 130.6 .754 141.2 735.5 2.150 2.867 2650
2 0 - 6 137 170.1 .754 184.0 679.2 2.265 2.832 2650
20-7 147 33.84 .854 35.29 854.6 1.548 2.932 1494
2 0 - 8 147 45.23 .854 47.16 822.3 1.674 2.915 1494
20-9 147 68.65 .854 71.58 782.6 1.855 2.893 1494
2 0 - 1 0 147 82.19 .854 85.70 754.3 1.933 2.877 1494
2 0 - 1 1 147 92.69 .854 96.65 735.6 1.985 2.867 1494
2 0 - 1 2 147 1 0 1 . 8 .854 106.2 730.4 2.026 2.864 1494
BHBCLOGY DATA FOR IIBEP GRSN 7146
R - .025" MI - 12.0
L - 2.0"
I S ---- TEMP PRESSUR
PSI
RPM TIME MASS
g
ft"Lisac tvXIO*4
l o q l w logi
22-1 147 1570 5.0 200 2.2476 55.38 6.765 1.747 4.8!
22-2 147 2200 8.0 200 3.2007 79.58 9.480 1.901 4.9S
22-3 147 2850 10.5 200 4.2765 106.3 12.281 2.027 5.08
22-4 147 3690 14.0 200 6.0623 150.7 15.901 2.178 5.2C
22-5 147 4410 17.0 200 7.9676 198.1 19.004 2.297 5.27
22-6 147 4700 20.0 200 9.1059 226.4 20.253 2.355 5.30
22-7 139 1800 6.0 200 1.4703 36.56 7.757 1.563 4.89
22-8 139 2700 7.0 200 2.7444 68.23 11.635 1.834 5.06
22-9 139 3500 10.0 200 4.0685 101.2 15.082 2.005 5.17
22-10 139 4250 13.0 200 5 8133 144.5 18.314 2.160 5.26
22-11 139 5050 16.4 200 8.0167 199.3 21.761 2.300 5.33
22-12 139 5700 20.0 200 10.7873 268.2 24.562 2.429 5.39
22-13 132 2400 5.5 200 1.8368 45.67 10.342 1.660 5.01
22-14 132 3300 8.0 200 2.9790 74.07 14.220 1.870 5.15
22-15 132 4210 10.5 200 4.1539 103.3 18.142 2.014 5.25
22-16 132 4955 14.0 210 5.6721 134.3 21.352 2.128 5.3*
22-17 132 5125 16.5 200 5.7864 143.9 22.085 2.158 5.34
22-18 132 3500 12.0 100 1.5056 24.87 15.082 1.874 5.171
95-
MI i 12.0
CALCUIJOTD DATA LLDPE GRSN 7146
FUN IB* IwB n f logfw log H K
22-1 147 55.88 .745 60.66 1152 1.783 3.047 3690
22-2 147 79.58 .745 86.39 1097.3 1.936 3.040 3690
22-3 147 106.3 .745 115.4 1064.2 2.062 3.027 3690
22-4 147 150.7 .745 163.6 971.9 2.214 2.988 3690
22-5 147 198.1 .745 215.1 883.5 2.332 2.946 3690
22-6 147 226.4 .745 245.8 824.0 2.391 2.916 3690
22-7 139 36.56 .584 43.07 1801.0 1.634 3.256 9813
22-8 139 68.23 .584 80.38 1447.5 1.905 3.161 9813
22-9 139 101.2 .584 119.2 1265.3 2.076 3.102 9813
22-10 139 144.5 .584 170.2 1076.0 2.231 3.032 9813
22-11 139 199.3 .584 234.8 926.8 2.371 2.967 9813
22-12 139 268.2 .584 316.0 777.3 2.500 2.891 9813
22-13 132 45.67 .660 51.55 2006.2 1.712 3.302 8422
22-14 132 74.07 .660 83.61 1700.7 1.922 3.231 8422
22-15 132 103.3 .660 116.6 1555.9 2.067 3.192 8422
22-16 132 134.3 .660 151.6 1408.4 2.181 3.149 8422
22-17 132 143.9 .660 162.4 1360.0 2.211 3.134 8422
22-18 132 74.87 .660 84.51 1784.6 1.927 3.252 8422
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UNION CARBIDE RCSIN: GRSN 7144
MI - 20.0
R ■ .025" twa ■ apparent shear ■ 4M/nR3P (sec”*)
L * 2.0" tw ■ shear at wall - RAP/2L (N/m2)
RHEOLOGY DATA FOR LLDPE
RUN TEMP
°C
PRESSURE
PSI
RPM TIME
(sec)
WEIGHT
(qrams)
----
(sec~l) n o - i 1
loqlwa loqtW
24-1 140 1750 4.5 200 0.9221 22.93 7.541 1.3603 4.877
24-2 140 2200 8.0 200 1.1939 29.68 9.480 1.473 4.977
24-3 140 2600 11.0 200 1.5092 37.52 11.204 1.574 5.049
24-4 140 2900 13.5 200 2.0664 51.38 12.497 1.711 5.097
24-5 140 3100 16.00 200 2.7358 68.02 13.359 1.833 5.126
24-6 140 3300 18.5 200 3.6650 91.12 14.220 1.960 5.153
24-7 147 1050 5.0 200 0.8670 21.56 4.525 1.334 4.656
24-8 147 1300 8.0 2C0 1.5042 37.40 5.602ft 1.573 4.748
24-9 147 1550 10.5 200 1.7320 43.06 6.679 1.634 4.825
24-10 147 1850 14.0 200 3.2541 80.91 7.972 1.908 4.902
24-11 147 2200 18.0 200 4.7628 L18.42 9.480 2.073 4,977
24-12 147 2400 21.0 100 3.0752 L 52.92 10.342 2.184 5.015
24-13 154 760 6.0 200 1.1453 28.48 3.275 1.454 4.515
24-14 154 900 10.0 200 1.7854 44.39 3.878 1,647 4.589
24-15 154 1120 13.0 200 2.5655 63.79 4.826 1.805 4.684
24-16 154 1400 15.5 200 3.5841 . ^9.11 ■ 6.033 1.950 4.781
24-17 154 1640 18.0 200 4.5543 L13.23 7.067 2.054 4.849
24-18 154 1790 21.0 200 5.1727 L28.61 7.713 2,109 4.887
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CALCULATED DATA
LLDPE GRSN 7144 MI * 2 0 .0  
• 3 n + l .•w » ("In ") t w a  If = t w / i w (Nsec)
nr
* c o r r e c t e d  s h e a r  r a t e  » v i s c o s i t y
RUN TEMP iw a n i  w lo q  Sw lo g  If K
24-1 140 22.93 .440 30.22 2495.4 1.480 3.397 20890
24-2 140 29.68 .440 39.12 2423.3 1.592 3.384 20890
24-3 140 37.52 .440 49.46 1*265.2 1.694 3.355 20890
24-4 140 51.38 .440 67.73 1845.1 1.831 3.266 20890
24-5 140 68.02 .440 89.66 1490.0 1.953 3.173 20890
24-6 140 91.12 .440 L 2 0 . l l 1183.9 2.080 3.073 20890
24-7 147 21.56 .420 29.02 1559.3 1.462 3.193 12 740
24-8 147 37.40 .420 50.33 1113.1 1.762 3.047 12740
24-9 147 43.06 .420 57.95 1152.5 1.703 3.062 12740
24-10 147 80.91 .420 L08.89 732.1 2.037 2.865 12740
24-11 147 118.42 .420 L59.37 594.8 2.202 2.774 12740
24-12 147 152.92 .420 205.00 502.5 2.313 2.701 12740
24-13 154 2e.48 .582 33.60 974.7 1.526 2.989 4454
24-14 154 44.39 .582 52.36 740.6 1.719 2.870 4454
24-15 154 63.79 .582 75.25 641.3 1.877 2.807 4454
24-16 154 89 11 .582 105.12 573.9 2.022 2.759 4454
24-17 154 113.23 .582 L33.57 529.1 2.126 2.723 44 54
24-18 154 128.61 .582 L51.71 508.4 2.181 2.706 4454
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RHEOLOGY DATA FOR LLDPE
UNION CARBIDE RESIN: GRSN 7147
MI « 50.0 fwa » 4M/HR3P (Sec-1)
tw « RAP/2L (N/m2)
RUN TEMP
°C
PRESSURE
PSI
RPM TIME
(sec)
WEIGHT
(grams)
Ywa
(sec”*) C W  4X10“4
loqlwa loqtVr
26-1 148 650 4.0 200 0.5580 13.87 2.801 1.142 4.447
26-2 148 875 8.0 200 0.8072 20.07 3.771 1.303 4.576
26-3 148 1300 12.0 200 1.5335 38.13 5.602 1.581 4.748
26-4 148 1525 16.0 200 2.2724 56.50 6.571 1.752 4.818
26-5 148 1650 20.0 200 3.2297 80.30 7.110 1.905 4.852
26-6 148 1700 24.0 200 4.5429 112.95 7.326 2.053 4.865
26-7 142 400 4.5 100 0.4507 20.18 1.724 1.305 4.236
26-8 142 530 8.0 100 0.7206 35.84 2.284 1.554 4.359
26-9 142 750 10.5 100 1.0216 50.80 3.232 1.706 4.509
26-10 142 950 14.0 100 1.5351 76.34 4.094 1.883 4.612
26-11 142 1100 17.0 100 1.9361 96.28 4.740 .984 4.676
26-12 142 1240 20.5 100 2.4517 121.92 5.343 2.086 4.728
CALCULATED DATA FOR LLDPE 
UNION CARBIDE RESIN: GRSN 7147 
MI « 50.0
RUN TEMPoc
Ywa n *w f logYw loc f K
26.1 148 13.87 .468 17.81 1572.7 1.251 3.197 9091
26-2 148 20.07 .468 25.77 1463.3 1.411 3.165 9091
26-3 148 38.13 .468 48.97 1144.0 1.690 3.05" 9091
26-4 148 56.50 .468 72.56 905.6 1.861 2.957 9091
26-5 148 80.30 .468 103.12 689.5 2.013 2.838 9091
26-6 148 112.95 .468 145.05 505.1 2.162 2.703 9091.
26-7 142 20.18 .654 22.85 754.8 1.359 2.878 3716
26-8 142 35.84 .654 40.58 562.8 1.608 2.750 3716
26-9 142 50.80 .654 57.52 561.8 1.760 2.749 3716
26-10 142 76.34 .654 86.44 473.6 1.937 2.675 3716
26-11 142 96.28 .654 109.02 434.8 2.038 2.638 3716
26-12 142 121.92 .654 138.04 387.1 2.140 2.588 3716
W*WW”
RHEOLOGY DATA FOR CHEMPLEX
m
HIGH DENSITY POLYETHYLENE
RUN TEMP
®c
PRESSURE
PSI
RPM
r—
TIME
(sec)
WEIGHT
(grains)
twa , 
(sec”1) fw -4X10 4
Loglwa logfw
42-7 178 1450 4.0 100 1.9340 96.17 6.248 1.983 4.79642**8 178 2000* 8.5 100 3.0366 151.0 8.618 2.179 4.93542-9 178 2925* 12.0 100 3.8143 189.7 12.604 2.278 5.10142-10 178 3450* 15.0 100 4.8758 242.5 14.867 2.385 5.17242-11 178 4075* 18.0 100 7.1731 356.7 17.560 2.252 5.24442-12 178 4100* 21.0 100 8.9915 447.1 17.667 2.650 5.24742rl3 191 1750 4.0 100 1.5332 76.24 7.541 1.882 4.87742-14 191 2150 8.0 100 2.6886 133.7 9.265 2.126 4.96742-15 191 2650* 12.0 100 3.8833 193.1 11.419 2.286 5.05842-16 191 3600* 16.0 100 5.2784 262.5 15.513 2.419 5.19142-17 191 4000* 20.0 100 6.4115 318.8 17.236 2.504 5.23642-16 191 4800* 24.0 100 9.0235 448.7 20.684 2.652 5.31644-1 206 1600 5.0 100 1.2861 63.95 6.895 1.806 4.83944-2 206 2175* 8.0 100 2.3291 115.8 9.372 2.064 4.97244-3 206 2825* 12.0 100 3.0421 151.3 12.173 2.180 5.08544-4 206 3450* 16.0 100 4.3716 217.4 14.867 2.337 5.17244-5 206 3800 20.0 100 5.5261 274.8 16.37 2.439 5.21444-6 206 3700 24.5 100 7.8217 388.9 15.943 2.590 5.20344-7 218 1990 5.0 100 1.1332 56.35 8.575 1.751 4.93344-8 218 2450 8.0 100 1.6693 83.01 10.557 1.919 5.02344-9 218 2010* 12.0 100 2.6736 132.9 8.661 2.124 4.93844-10 218 1750* 16.0 100 3.9602 196.9 7.541 2.294 4.87744-11 218 1700* 20.0 100 5.6048 278.7 7.326 2.445 4.86544-12 218 1520 24.0 100 6.9711 346.6 6.550 2.540 4.816
* Polymer degraded
POLY {ETHYLENE OXIDE) DEGRADATION DATA 
1.0% STOCK SOLUTION #1 
SHEAR RATE - 500 RPM
INTRINSIC VISCOSITY DATA
TIME
SHEARED
(MIN)
CONCEN­
TRATION
(9/dl)
AUR
TIME
(SEC)
RELATIVE
VISCOSITY
(fr)
SPECIFIC
VISCOSITY
(fsp)
In jfr/C <?Sp/C
0 .0476 140.2 1.647 0.647 10.49 13.59
0 .0317 119.9 1.409 0.409 10.81 12.90
0 .0238 110.2 1.295 0.295 10.86 12.39
0 .0476 141.7 1.662 0.662 10.67 13.91
0 .0317 122.1 1.432 0.432 11.33 13.63
0 .0238 111.1 1.303 0.303 11.12 12.73
1.0 .0476 137.0 1.607 0.607 9.96 12.75
1.0 .0317 118.2 1.386 0.386 10.31 12.18
1.0 .0238 109.6 1.285 0.285 10.55 11.97
5.0 .0476 134.7 1.580 0.580 9.61 12.18
5.0 .0317 116.5 1.366 0.366 9.85 11.55
5.0 .0238 108.4 1.271 0.271 10.09 11.39
10.0 .0476 133.7 1.568 0.568 9.45 11.93
10.0 .0317 116.2 1.362 0.362 9.77 11.42
10.0 .0238 108.1 1.268 0.268 9.97 11.26
15.0 .0476 129.0 1.513 0.513 8.70 10.78
15.0 .0317 113.6 1.332 0.322 9.05 10.47
15.0 .0238 106.1 1.244 0.244 9.19 10.25
20.0 .0476 132.2 1.552 0.552 9.24 11.60
20.0 .0317 114.4 1.343 0.343 9.31 10.82
20.0 .0238 107.7 1.251 0.251 9.38 10.55
30.0 .0476 128.2 1.505 0.505 8.59 10.61
30.0 .0317 112.3 1.317 0.317 8.69 10.00
30.0 .0238 104.9 1.230 0.230 8.21 9.66
40.0 .0477 129.7 1.519 0.519 8.77 10.90
40.0 .0317 113.6 1.330 0.330 8.99 10.41
40.0 .0238 105.8 1.239 0.239 9.00 10.04
60.0 .0476 122.9 1.441 0.441 7.67 9.26
60.0 .0317 109.4 1.283 0.283 7.85 8.93
60.0 .0238 103.4 1.212 0.212 8.09 8.91
80.0 .0476 122.9 1.441 0.441 7.67 9.26
80.0 .0317 109.2 1.280 0.280 7.79 8.83
80.0 .0238 102.8 1.205 0.205 7.84 8.61
100.0 .0476 119.2 1.399 0.399 7.05 8.38
100.0 .0317 107.9 1.266 0.266 7.45 8.39
100.0 .0237 102.6 1.204 0.204 7.81 8.57
120.0 .0476 120.4 1.413 0.413 7.26 8.68
120.0 .0317 108.7 1.276 0.276 7.68 8.70
120.0 .0238 103.2 1.211 0.211 8.05 8.87
POLY (ETHYLENE OXIDE) DEGRADATION DATA 
1.01 STOCK SOLUTION #2 
SHEAR RATE * 300 RPM
INTRINSIC VISCOSITY DATA
TIME
SHEARED
(MIN)
Co n c e n­
t r a t i o n
(9/dl)
~SUR----
TIME
(SEC)
RELATIVE
VISCOSITY
( f t )
SPECIFIC--
VISCOSITY 
( f a p)
I n f r / i fa p / C
0 .0476 146.5 1.719 0.719 11.39 15.11
0 .0317 123.4 1.448 0.448 11.69 14.13
0 .0238 113.9 1.337 0.337 12.20 14.11
0 .0476 143.3 1.682 0.682 10.92 14.33
0 .0317 121.8 1.430 0.430 11.28 13.56
0 .0238 112.0 1.315 0.315 11.49 13.24
1.0 .0476 144.2 1.692 0.692 11.05 14.54
1.0 .0317 123.1 1.445 0.445 11.61 14.04
1.0 .0238 111.7 1.311 0.311 11.38 13.07
5.0 .0476 141.1 1.656 0.656 10.60 13.78
5.0 .0317 120.5 1.414 0.414 10.94 13.06
5.0 .0238 111.7 1.311 0.311 11.38 13.07
10.0 .0476 137.8 1.617 0.617 10.10 12.96
10.0 .0317 119.3 1.400 0.400 10.62 12.62
10.0 .0238 109.8 1.289 0.269 10.66 12.14
20.0 .0476 135.8 1.594 0.594 9.79 12.48
20.0 .0317 117.7 1.381 0.381 10.19 12.02
20.0 .0238 109.4 1.284 0.284 10.50 11.93
30.0 .0476 132.4 1.554 0.554 9.26 11.64
30.0 .0317 117.5 1.379 0.379 10.14 11.96
30.0 .0238 109.1 1.281 0.281 10.39 11.81
40.0 .0476 131.4 1.542 0.542 9.10 11.39
40.0 .0317 115.4 1.354 0.354 9.57 11.17
40.0 .0238 109.2 1.270 0.270 10.04 11.34
60.0 .0476 130.6 1.533 0.533 8.97 11.20
60.0 .0317 115.4 1.354 0.354 9.57 11.17
60.0 .0238 107.6 1.263 0.263 9.81 11.05
80.0 .0476 128.3 1.506 0.506 8.60 10.63
80.0 .0317 113.1 1.327 0.327 8.94 10.32
80.0 .0238 105.9 1.243 0.243 9.13 10.21
100.0 .0476 125.6 1.477 0.477 8.19 10.02
100.0 .0317 111.3 1.309 0.309 8.504 9.75
100.0 .0238 104.6 1.231 0.231 8.72 9.71
120.0 .0426 121.0 1.424 0.424 7.42 8.91
120.0 .0317 109.1 1.284 0.284 7.87 8.96
120.0 .0238 103.1 1.213 0.213 8.11 8.95
POLY (ETHYLENE OXIDE) DEGRADATION DATA 
1.0% STOCK SOLUTION #3
INTRI
SHEAR RATE 
NSIC VISCOSITY DATA
-120 RPM
TIME
SHEARED
(MIN)
CONCEN­
TRATION 
(9/di)
AUR
TIME
(SEC)
RELATIVE
VISCOSITY
t y r )
SPECfF'tC
VISCOSITY
(Jap)
In f 7/5"" f*p/C
0 .0476 137.6 1.619 0.619 10.12 13.00
0 .0317 119.4 1.405 0.405 10.72 12.78
0 .0238 IIP.4 1.300 0.300 10.98 12.61
1.0 .0476 139.6 1.638 0.638 10.37 13.40
1.0 .0317 119.9 1.407 0.407 10.78 12.84
1.0 .0238 110.6 1.298 0.298 10.96 12.52
5.0 .0476 137.1 1.609 0.609 9.99 12.79
5.0 .0317 117.5 1.379 0.379 10.14 11.96
5.0 .0238 109.6 1.286 0.286 10.58 12.01
10.0 .0476 136.9 1.607 0.607 9.96 12.75
10.0 .0317 118.2 1.387 0.387 10.33 12.21
10.0 .0238 109.6 1.286 0.286 10.58 12.01
20.0 .0476 138.1 1.615 0.615 10.07 12.92
20.0 .0317 118.4 1.389 0.389 10.38 12.27
20.0 .0238 109.5 1.285 0.285 10.54 11.97
40. C .0476 136.6 1.603 0.603 9.92 12.67
40.0 .0317 117.0 1.373 0.373 10.00 11.77
40.0 .0238 109.4 1.284 0.284 10.50 11.93
60.0 .0476 137.8 1.617 0.617 10.10 12.96
60.0 .0317 118.8 1.394 0.394 10.49 12.43
60.0 .0238 109.7 1.288 0.288 10.62 12.10
80.0 .0476 137.9 1.617 0.617 10.10 12.96
80.0 .0317 119.1 1.397 0.397 10.54 12.52
80.0 .0238 110.0 1.290 0.290 10.71 12.18
120.0 .0476 134.8 1.586 0.586 9.69 12.31
120.0 .0317 116.4 1.369 0.369 9.917 11.64
120.0 .0238 109.0 1.278 0.278 10.31 11.68
m
W}( Oi II
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Appendix B
Degradation Rate Constant Calculation
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